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Abstract 
 
Non-invasive techniques are widely applied in process plants compared to other sensing techniques. Due 
to advantages such as preventing corrosion to the sensor and lengthening the sensor lifespan, this technique 
is also applied in process tomography such as in non-invasive ERT system. The purpose of this paper is to 
investigate the compatibility of utilizing frequency for non-invasive ERT systems. Based on quasi-static 
electric fields, one pair of electrodes is used to simulate the optimum frequency for the system. It was firstly 
derived using a mathematical equation followed by simulation using finite element model software 
(COMSOL Multiphysics). Results showed that by simulating several frequencies to the system, a minimum 
frequency that should be applied is 2 MHz to ensure that the real part of the total impedance is dominant 
and also to neglect the reactance part of the total impedance for the non-invasive ERT system. Thus, the 
non-invasive ERT system is an alternative way for the industry in monitoring the performance of process 
plant. 
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1.0  INTRODUCTION 
 
Non-invasive and non-intrusive techniques are popular methods 
applied in the process tomography for chemical mixtures. The 
terms non-invasive and non-intrusive apply when sensors do not 
protrude into the vessel and are not directly in contact with the 
medium being measured [1]. In the past decade, the development 
of non-invasive techniques promises to be very significant for 
process plants and the chemical industries. Non-invasive methods 
benefit the industry more, compared to non-intrusive methods 
because of several advantages: 
 
1. Decreasing the hazards of working with poisonous, 
radioactive, explosive, flammable or corrosive materials. 
2. Assisting installation (and even retrofitting) and looking 
after the instruments even when the plant is on-stream. 
3. Minimizing the safety and accountancy difficulties with 
valuable process materials.  
4. Avoiding contamination of pure or sterile materials. 
Indeed, the non-invasive method is one of the most favoured 
methods applied in process plants compared to other sensing 
techniques. There are several types of non-invasive process 
tomography implemented in chemical mixtures such as electrical 
capacitance tomography [2]–[7], ultrasonic tomography [8]–[20], 
x-ray computed tomography [21]–[26] and optical tomography 
[27]–[30]. Each type of process tomography has its own 
advantages and disadvantages.  
  However, in this paper, the authors are just focusing on 
electrical resistance tomography (ERT) research. The ERT 
reconstructs tomogram based on the conductivity distribution of 
the medium interested. The common technique implemented for 
ERT is invasive but still non-intrusive to the system such as in 
[31]–[38]. The main reason of applying the invasive technique is 
to make sure that there is a continuous contact between the 
electrodes and main fluids so that current can be conducted 
through the medium of interest [39]. The way in which the current 
technique is being measured can be done either by using the 
adjacent, opposite, boundary or diagonal methods [40]. 
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Nevertheless, the current technique, namely, the ERT system, 
that comes into direct contact with the conductive liquid will 
cause corrosion to the ERT sensor and will inevitably limit the 
application and sensor lifespan. 
  In fact, B. Wang et al. [41]–[43] highlighted this issue and 
proposed a non-invasive ERT system for chemical mixtures. The 
capacitively coupled contactless conductivity detection (C4D) 
was introduced by the group and it was proven that it can be used 
for a non-invasive ERT system. Using this particular research as 
a springboard, this paper aims to investigate and proof a suitable 
utilizing frequency that can be used for non-invasive ERT 
systems. 
 
 
2.0  QUASI-STATIC ELECTRIC FIELD FOR NON-
INVASIVE ERT SYSTEM 
  
Electrical tomography techniques apply the knowledge of 
electromagnetic fields based on Maxwell’s equations to describe 
the electromagnetic phenomena. Subjected to Maxwell’s 
equations, it will determine the state of the medium, whether 
electrostatic field, magnetostatic field, electromagnetic field or 
quasi-static field; depending on the field interested and the 
medium considered. However, the common frequency used in the 
electrical tomography to execute the electrical field in the sensing 
region is up to the order of 1 MHz [44].  
  Based on the electromagnetic spectrum, the frequency range 
is still small compared to microwave, infrared and other 
frequencies. Thus, it will cause a large wavelength of 
electromagnetic radiation compared to the physical dimension of 
the system. The physical dimension in the electrical tomography 
referred to is the typical diameter of sensor system (range 
between 1 cm and 1 m) [44]. As a result, the wavelength will go 
beyond the sensor size by several orders of magnitude. This 
means that the system field is propagated instantaneously. 
Consequently, the electromagnetic field can be treated as a quasi-
static approximation [45].  
  The quasi-static approximation can be divided into two 
conditions, namely, electro quasi-static (EQS) and magneto 
quasi-static (MQS) [46]. In EQS, the magnetic induction is 
neglected, resulting in the system being influenced by the 
capacitive effect. Meanwhile, MQS is only influenced by the 
inductive effect, and the displacement current is neglected. Since 
the non-invasive ERT only considers conductivity distribution, 
the EQS has been applied for the system. Hence, the Maxwell 
equations for EQS are represented as follows: 
 
 D.  (Gauss law) (1) 
0. B  (Gauss law) (2) 
DJH j  (Ampere’s Law) (3) 
0 E   (4) 
 
where D is the electric flux density; E is the electric field 
intensity, J is the current density and ρ is the free charge density. 
B is the magnetic flux density; H is the magnetic field intensity 
and ω is the angular frequency. Additionally, the relationship 
between D and E, J and E can be represented as follows: 
 
ED   (5) 
EJ   (6) 
 
The non-invasive ERT considers the voltage as the excitation 
signal and current as the detection signal. So, it is important to 
know the sensing field principle in the system and also how the 
current signal is propagated and measured at the detection 
electrode. Based on Equation (3), if the equation is multiplied 
with divergence of each side, it becomes: 
 
DJH j...   (7) 
 
Since, the divergence of the curl is identically zero; thus, 
Equation (7) is simplified and becomes an equation of continuity 
[45] as in Equation (8). 
DJ j..0   (8) 
 
Knowing that the potential gradient, VE   [47], where V is 
the potential distribution, and substituting Equation (5), (6) and E 
into (8), resulting in the EQS equation of sensing field in the non-
invasive ERT system to be shown in Equation (9): 
 
0).(  Vj  (9) 
 
Based on Equation (9), it is clearly seen that the non-invasive 
ERT is based on the σ and ε due to the conductive medium and 
insulating pipe implemented. Here, the main reason for the need 
of EQS in the sensing field is due to the need of the current to 
flow through the two different mediums. 
  Likewise, Equation (9) is also known as Poisson-type 
differential equation. The specific sensing field of non-invasive 
ERT system in two dimensions is determined by the following 
Equation (10): 
 
),(,),(
),(
),(
),(
0
),(
0),(
),(
0),()),(),(.(
0
jikyx
yx
yx
yx
dn
yxdV
yxV
VyxV
yxVyxjyx
k
j
i
j
i


















 
 
(10) 
The Γi and Γj represent the spatial locations of n electrodes; i and 
j are the indexes of excitation and detection electrodes 
respectively, and Vo is the applied voltage to the system. 
  The modeling to proof the concept is done and analyzed by 
Finite Element Model (FEM) using FEM simulation software 
COMSOL Multiphysics. Based on the simulation, the current 
value between each pair of electrode can be obtained from 
Ampere’s Law in Equation (3) which is totally different 
compared to [42]. Based on Ampere’s law, by considering the 
integral form; the total current equation on the surface of the 
sensing field can be obtained based on Equation (11) [48]: 
 
IIIds
dt
d
dsdl dc
ssc
   D J H  (11)  
 
Where I is the total current on the surface, Ic is conduction 
current, and Id is a displacement current. The S is the surface of 
the electrode, and dS is the discrete element of the electrode. At a 
later stage, by implementing a high enough frequency to the 
system, the reactance part of the impedance can be ignored. So, 
the resistance between any pairs of electrode can be determined 
by Ohm’s law such as in (12). The Ri,j , Vo and Ii,j are referred to 
as the value of the resistance, voltage and current for every pair 
of electrode respectively.  
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3.0  NON-INVASIVE ERT SENSOR  
 
As mentioned in B. Wang et al. [41]-[42], the idea of 
implementing the non-invasive ERT system is based on 
applications used in analytical chemical applications. The non-
invasive ERT system in two dimensions could be represented as 
in Figure 1. 
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Figure 1  Non-invasive ERT system 
 
 
  According to Figure 1, since all the pairing of electrodes are 
similar, only one pair of electrode is needed to make a simple 
calculation and prove the suitable frequency for non-invasive 
ERT systems. By assuming the electrode and the conductive 
liquid as a coupling capacitance and the conductive liquid as a 
resistance, the conductivity of the medium can be obtained based 
on the resistance. The resistance can be measured based on the 
total impedance when the reactance can be neglected due to the 
high enough frequency applied to the system. A simple 
calculation can thus be obtained based on Equation (13). 
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(13) 
 
The ZT is the total impedance of the sensing field for one pair of 
electrode measurement; Rliq is the resistance of conductive liquid, 
and C1 and C2 are the coupling capacitances between the 
electrode and the conductive liquid. 
  Moreover, the electrical properties of the insulating pipe and 
the conductive liquid should be considered. Here, based on the 
quasi-static electric field as shown in Equation (10), only 
electrical permittivity and electrical conductivity are considered. 
Consequently, the capacitance, C and the resistance, R values can 
be measured by using Equation (14) [49] and (15 [50]. 
 
A
L
R

  (Ω) 
 
(14) 
 
d
A
C ro

 (F) (15) 
where L is the inner diameter of the insulating pipe, σ is the 
electrical conductivity of the conductive liquid, A is the area of 
electrode, εo is the permittivity of free space, εr is the relative 
permittivity of insulating pipe, and d is the thickness of the 
insulating pipe.  
  Let’s say, if the authors use 16 rectangular copper electrodes 
where the area of each electrode is approximately 2.66 x e-3 m2 , 
acrylic pipe with thickness 3 mm and inner diameter 104 mm, σ 
is 5 x e-3 S/m, and εr  is 3.45 ; by using Equation (14) and (15, the 
resistance value of the conductive liquid and the capacitance 
value for each of the coupling capacitance will be around 7.81 kΩ 
and  27.11 pF respectively. Hence, based on Equation (13), a 
minimum frequency that should be applied is 2 MHz in ensuring 
the real part of the total impedance is dominant and also to neglect 
the reactance part of the total impedance for the non-invasive 
ERT system. This means that, if the frequency is below 2 MHz, 
the conductivity of the non-invasive ERT system cannot be 
determined because of the existent of the reactance part.  Later, 
the value of the current flow through the medium can be 
measured. A simple schematic diagram of the circuits for one pair 
of electrode can be shown in Figure 2. 
15 V, 2 MHz Rliq
C1
C2
21.11 pF
7.81 kΩ 
21.11 pF
I
Conductive 
liquid
Acrylic pipe
 
Figure 2  Schematic diagram for one pair of electrode measurement 
 
 
  Value of the current can be calculated based on Ohm’s law. 
If the voltage applied at the excitation electrode is 15 V with 
frequency 2 MHz and the authors assumed the reactance part is 
neglected, the value of current at the detection electrode should 
be around 2 mA. The current value flow through the non-invasive 
ERT system should be the same because the system is assumed 
in RC series connection. Later, this concept was proven using 
COMSOL Multiphysics software with several frequencies to 
analyze whether the electricity can penetrate and distribute 
evenly spaced through the acrylic pipe and conductive liquid or 
not. 
 
 
4.0  SIMULATION AND ANALYSIS OF MODEL  
 
In COMSOL Multiphysics software, the process of designing the 
model can be divided into the following: 
 
1. The geometry in two dimensions is drawn according to 
the specific dimensions as shown in Table 1 and Figure 
3(a). 
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2. The material for each of the domains has been defined. 
3. The frequency domain solver in electric current module 
has been selected since the system is a quasi-static 
electric field. A suitable frequency has been set and 
frequency user defined. 
4. For the boundary setting, the boundary conditions for 
excitation electrode has been set to electric potential and 
grounded for detection electrode. 
5. The mesh for system has been generated. See Figure 
3(b). 
6. Finally, the study has been computed to get results, and 
the capabilities of post-processing in COMSOL applied 
to calculating the current and voltage. Different points 
between the excitation electrode (point 1) and the 
detection electrode (point 15) investigated are shown in 
Figure 3(c). 
 
Table 1  Properties and specific dimension 
 
No Item Dimension 
1 Electrode width 17.76 mm 
2 Electrode length 150 mm 
3 Thickness of pipe 3 mm 
4 Inner diameter of the pipe 104 mm 
5 Electrical Permittivity  
 
εr = 3.45 (acrylic) 
εr = 80 (water) 
6 Electrical Conductivity  
 
σ = 3 x e-14 S/m (acrylic) 
σ = 5 x e-3 S/m (water) 
 
 
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15  
(a) (b) (c) 
Figure 3  (a) Illustration of one pair of electrode of non-invasive ERT (all 
units are in mm); (b) Finer FEM meshing; (c) The location of point 1 till 
point 15 measured 
 
 
  As explained in Section 3, the top of the rectangular was set 
as the exciting electrode with electrical potential 15 V and the 
bottom part set as the ground. The frequency applied to the 
system was 2 MHz. The simulation is to investigate whether the 
signal given at the excitation electrode can penetrate through the 
acrylic pipe or not. As calculated in Section 3, if the frequency 
applied is high enough, the voltage signal should penetrate 
through the acrylic pipe and drop gradually to the detection 
electrode. This is because the electrode detected is connected to 
the ground, and later the current can be measured at the detection 
electrode. As the system is assumed to be the RC series circuit, 
the current flow from the excitation electrode to the detection 
electrode should be the same. Thus, the best method to investigate 
the way of signal propagation is based on the voltage distribution. 
Moreover, based on Ohm’s law, the voltage is proportional to the 
current. Thus, it is not a big issue if the voltage distribution is 
considered in identifying the suitability of utilizing frequency for 
a non-invasive ERT system,  eventhough the main concern for 
the non-invasive ERT is the value of the current. As a result, the 
voltage distribution decreases significantly from top to the 
ground with the frequency of 2 MHz as illustrated in Figure 5. 
This value is significant with the calculated value. 
Correspondingly, there was a very poor voltage distribution in 
4(a) which decreased sharply from 15 V to around 7 V and 
remained constant in the conductive liquid. Similar to 4(b) and 
(c), eventhough the way of the voltage signal propagation is 
improved, it was observed that the signal did not significantly 
drop compared to Figure 4(d). 
 
 
   
 
(a) (b) (c) (d)  
 
Figure 4  Voltage distribution with different frequencies for (a) 100 kHz,  
(b) 500 kHz, (c) 1 MHz, and (d) 2 MHz 
 
 
  Besides, the voltage distribution in the medium was also 
analyzed in the line graph by taking 15 points from the top to the 
bottom part as shown in 5. Points 1 and 15 are the locations 
between the excitation electrode and the detection electrode 
respectively; points 2 and 14 are in the acrylic pipe, and points 3 
till 13 are the points in the conductive liquid as illustrated in 
Figure 4(c). There was a noticeable drop in the voltage 
distribution for all frequencies applied. Despite the voltage 
distribution decreasing steadily to the ground at points 3 to 13 
when the frequency applied increased, It could infer from this 
figure that, 2 MHz was the minimum frequency to be applied for 
the electricity to penetrate through the acrylic pipe for the non-
invasive ERT system to work properly. 
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Figure 5  Absolute voltage versus location of fifteen points measured 
from excitation electrode (point 1)  to the detection electrode (point 
15) 
5.0  CONCLUSION 
 
In short, the objective of this paper has been achieved. The non-
invasive ERT system can indeed be applied to determine the 
conductivity of the interest medium if the frequency used is high 
enough, i.e., 2 MHz for acrylic pipe with an outer diameter of 110 
mm and thickness of 3 mm. Different materials of insulating pipe 
and conductive liquid implemented will need different 
frequencies to make the system work properly. Moreover, it is 
assumed that the non-invasive ERT system will need an MHz 
frequency instead of just a kHz frequency to be applied to the 
system for industry application because of the quasi-static electric 
field condition. Nevertheless, it should be noted that this research 
work is a preliminary study. Thus, further studies could be done 
in the future to optimize the sensor design for non-invasive ERT 
systems in terms of the width of the electrode, thickness of the 
pipe and even the length of the electrode. Finally, it is believed 
that further investigations and upgrading of the ERT systems will 
provide  wide-ranging alternatives in visualizing and monitoring 
chemical mixtures, which could assist in improving the 
performance of process plants. 
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